Abstract. We present a study of Y2-xZnxRu2O7 pyrochlores as a function of the Zn doping level x. X-ray diffraction measurements show that single-phase samples could be obtained for x < 0.2. Within the allowed range for x, DC conductivity measurements 
Introduction
In pyrochlore compounds, with general chemical formula A2B2O7, both the A and B sites form an interpenetrating network of corner-sharing tetrahedra, resulting in a peculiar structure capable of exhibiting a spectacular number of fascinating physical properties. 1, 2, 3 Within this system, the family of ruthenium pyrochlores displays a multitude of interesting properties due to their high chemical and structural flexibility. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 These properties include metal-insulator, long-range order and spin-singlet transitions. Moreover, a very good electrochemical behavior of Ru based pyrochlores has been observed at temperatures as low as 350 °C, which has motivated their study as intermediate temperature solid-oxide fuel cell (IT-SOFC) cathodes. 14, 15, 16, 17 The wide variety of ground states observed is due to the fact that Ru can be either in the 4+ or 5+ oxidation state, promoting good electrical and catalytic properties. 6, 18 While the majority of the work has been done on materials in which the A site is fully occupied by either 3+ (Ru 4+ ) or 2+ (Ru 5+ ) cations, there are few studies reporting the effect of having a mixed oxidation state on the A site. 1, 2 Doping the A sites with 2+ cations could result in a hole doping effect concomitant with an increased concentration of disordered oxygen vacancies in these oxides; 19, 20, 21, 22, 23 this is expected to provide them with the required ionic conductivity to be used as cathodes in IT-SOFC. 24, 25, 26, 27, 28, 29 In this work, we present a study of the physical properties of Y2-xZnxRu2O7 (Zn 2+ doped system). 30 Due to the importance of clarifying in detail the effect of this type of doping on the cationic and anionic stoichiometry (and on the related structral features) we used a set of complementary techniques. X-Ray powder Diffraction (XRD) was employed to provide information on the crystallographic structure and phase purity of the samples. DC transport measurements were carried out in order to assess the influence of the Zn doping on the electrical conductivity of the specimens. Neutron Powder Diffraction (NPD) was used to study possible deviations in oxygen stoichiometry and possible structural changes, on account of the contrast between the scattering lengths of the different elements (i.e., NPD is more sensitive to lighter elements compared to XRD). Finally, X-ray Photoemission Spectroscopy (XPS) was exploited to determine, in particular, the valence state of the elements. As a result, the resistivity of the doped samples is significantly reduced compared to undoped Y2Ru2O7. Room temperature NPD data were collected on 3 g of Y0.8Zn0.2Ru2O7 using the General Materials (GEM) Diffractometer at the ISIS Facility, Rutherford Appleton Laboratory, UK, via the GEM Xpress service. Rietveld analyses of the X-ray and neutron powder diffraction patterns were performed by means of the Fullprof suite and GSAS software packages. 31, 32 The electrical resistivity was measured using a HP 34401A Multimeter in the standard DC four probe modality. The measurements were carried out as a function of temperature in the range 80-300 K on pellets with dimension 2x2x13 mm 3 , sintered at 1100 °C for 24 h. Due to the low conducting ceramic character of the samples, the electrical contacts were improved by sputtering a spot of Pd metal for each contact on the surface.
Experimental methods

Powdered
XPS measurements were performed at room temperature in a ultra-high vacuum system (base pressure < 5×10 -8 Pa) 33 on powder firmly stuck onto an In foil. Spectra were acquired with a SPECS Phoibos 150 mm hemispherical electron analyzer operated at a fixed pass energy of 20 eV. Electrons were excited with Mg Kα radiation (hν = 1253.6 eV). The overall resolution was of about 1 eV. Satellites from the X-ray source were subtracted from the experimental data. The XPS lineshape analysis, in terms of peaks fitting and spectra deconvolution, was based on symmetric profiles made up of a product of Gaussian and Lorentzian line shapes, summed to an integral (Shirley) background. 34, 35 Finally, in order to ascertain the homogeneity of the prepared samples and to verify that the bulk composition is the same as that of the surface, we have performed X-ray fluorescence (XRF) by using a Panalytical Epsilon 1 spectrometer, equipped with a thin-window Ag anode X-ray tube, operating between 10 and 50 kV. For each compound, by selective sieving after grinding, samples having different crystallite sizes were analysed. In this way it was possible to guarantee that the obtained analytical results were representative of the entire bulk and not of the sample surface only. 
Results and discussion
To determine the limit at which Zn can substitute Y in Y2Ru2O7 we carried out XRD measurements on all prepared samples. The results are shown in Fig. 1a) . In all profiles, the cubic pyrochlore structure is observed as the main phase. The expanded view presented in the inset, however, reveals that for x = 0.2 we start to observe unreacted ZnO. This suggests that the maximum solubility limit, under ambient conditions, of Zn into Y2Ru2O7 is just less than 10 atomic percent. This is lower than what is observed for other reported substitutions by 2+
ions; e.g. in the case of Ca the substitution limit appears to be 30 %. 1 On the other hand, in the case of Ca, 100% substitution can be obtained using high pressure synthesis methods. the ZnO content was in the ranges 3.28(7) -3.37 (7) Table 1 summarizes the effect that the substitution of Y by Zn has on the lattice parameter of Y2-xZnxRu2O7, as obtained from Rietveld fits of the XRD profiles shown in Fig. 1 . From Table 1 we can see that, as the Zn content increases up to about x = 0.10-0.15, the lattice parameter decreases. This reduction is due to the fact that the ionic radius of Zn 2+ is smaller than that of Y 3+ . 37 For x > 0.15, on the other hand, no significant change to the lattice parameter is observed. This is consistent with the observation of unreacted ZnO in the X-ray diffraction patterns shown in Fig. 1 , confirming that the solubility limit of Zn into Y2Ru2O7 is less than 10%. behaviour previously observed for Y2Ru2O7. 38 The non linear behavior displayed in the inset for x = 0.15 indicates that the Zn doped sample does not follow a simple Arrhenius-type law.
A detailed study of its temperature dependence is beyond the scope of this work. Noteworthy, for the Zn doped sample the electric resistivity is reduced by about a factor 10 2 at room temperature and even more at low temperature. This gives clear evidence that the heterovalent Y 3+ by Zn 2+ substitution makes the system significantly more metallic. These changes of the electric properties can be due either to Ru becoming mixed valent (Y2-xZnxRu With the aim of establishing which is the correct scenario, we performed a NPD study on Y1.8Zn0.2Ru2O7 (Fig. 3) . Careful analysis of the data revealed that the sample adopts the cubic pyrochlore, and that it contains 0.8 (1) Fig. 3 and Table 2 . We notice that the difference between the lattice parameters derived from either XRD (Table 1) or NPD (Table 2 ) is much likely due to the better experimental resolution of the latter technique. Fig. 2 .
Conclusions
In summary, we presented an electrical, chemical and structural characterization of Zn doped Y2-xZnxRu2O7 pyrochlores, giving evidence of successful Y substitution for x < 0.2 and of an increase in electric conductivity after doping.
While neutron diffraction data suggest that no oxygen vacancies form as a consequence of doping, X-ray photoemission spectroscopy data reveal that a fraction of Ru atoms, fairly 
